Background: Efficient malaria vector control requires knowledge of spatio-temporal vector dynamics. We have classified village groups according to the biting rate profiles of both Anopheles coluzzii and An. gambiae, the major malaria vectors in these villages.
Introduction
Malaria is a disease with various epidemiological features, 1-3 not only within large regions but also within relatively restricted areas. This mosaic of features may be explained by a vector distribution that depends highly on environmental factors [4] [5] [6] and on changes in vector behaviour. [7] [8] [9] [10] Special attention is paid to vectors in the fight against malaria. Several studies have made substantial progress in generating knowledge on the relationship between vector population dynamics and many area-specific factors (often seasonal). 11 Adapting vector-control measures to specific areas and seasons make them more efficient. It therefore seems important to obtain reliable data on mean vector biting rate (human-vector contact) intensity and changes in this parameter across seasons to identify areas with similar vector biting rates. For example, many studies have shown that mosquito-net use varies considerably during the year and from one area to another, without reliable information on vector biting rate dynamics.
In tropical Africa, the seasonal biting rates of both Anopheles coluzzii and An. gambiae (formerly An. gambiae M and S molecular forms, respectively) 12 are mainly linked to annual rainfall. 13 However, over a whole year, different biting rate profiles may be seen in neighbouring villages that receive similar rainfall levels. These micro-geographic changes may also be linked to other factors, such as the nature of the soil, the presence of freshwater bodies, and livestock breeding. 14, 15 # The Author 2014. Published by Oxford University Press on behalf of Royal Society of Tropical Medicine and Hygiene. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.
ORIGINAL ARTICLE
Trans R Soc Trop Med Hyg 2014; 108: 237-243 doi:10.1093/trstmh/tru027 Advance Access publication 21 February 2014 A previous study 16 demonstrated spatial variability in mean biting rate intensity by major malaria vectors (i.e., An. coluzzii, An. gambiae and An. funestus) in a specific area of South Benin where four vector-control strategies were implemented. It described the relationship between this variability and several environmental factors.
The present work investigates changes in both An. coluzzii and An. gambiae biting rate profiles over a whole year in a geographical area measuring nearly 800 km 2 . It implemented a geographical classification method based exclusively on annual changes in both An. coluzzii and An. gambiae biting rate, and not on its mean intensity. The results may help design areaspecific, season-specific and, thus, more efficient anti-vector campaigns.
Materials and methods

Data collection and ethics statement
The data analyzed in the present work stem from mosquito captures in the sanitary zone of Ouidah-Kpomassè-Tori (South Benin) from January to December 2009.
Vectors were captured by the human landing catches technique in 28 villages, in four randomly-chosen houses per village and at two sites per house (inside and outside). In each village, eight capture surveys were organized. Each survey consisted of two consecutive capture nights. Successive surveys were conducted 6 weeks apart in each village. These surveys were part of a study that compared four vector-control strategies in the same area (seven villages per strategy) 17 : targeted, long-lasting insecticidal net (LLIN) coverage of pregnant women and children younger than 6 years; universal LLIN coverage of sleep units; targeted LLIN coverage plus full coverage by carbamate indoor residual spraying; and universal LLIN coverage plus full coverage of carbamate-treated plastic sheeting lined up to household walls.
Caught mosquitoes were identified 17, 18 by morphological characteristics. 19 All mosquitoes belonging to An. gambiae complex or An. funestus group were categorized by species with PCR. 17, 18, 20, 21 In addition, An. coluzzii and An. gambiae were identified 18 by the methodology described in Favia et al. 22 The present work focuses on both An. coluzzii and An. gambiae, the main malaria vectors in the study area.
The Comité National d'Ethique pour la Recherche en Santé (Reference No. IRB00006860, Benin) And the Comité Consultatif de Dé ontologie et d'Ethique (Institut de Recherche pour le Dé veloppement) approved the study. Mosquitoes were only collected with the approval of village chiefs and all household dwellers. Mosquito collectors gave their written informed consent and were treated free of charge against presumed malaria illness throughout the study.
Data standardization
To focus on biting rate profiles, counts of both An. coluzzii and An. gambiae mosquitoes caught per site and per night were standardized, i.e., centred and reduced for each village. The distribution of the standardized-count variable has thus, mean zero (0) and variance 1, ensuring that only year-round biting rate profiles differed between villages and not biting rate intensities or the amplitudes of their variability.
Village classification
A latent class model with variable 'village' as random effect was built with standardized data. [23] [24] [25] This model took the sequence of observations into account through 'surveys' as a categorical variable. The likelihood function of the model was obtained as follows: with f j being the probability distribution function (here Gaussian) of Y it , given the membership of village i to group j.
The likelihood of all the data was simply the product of values L(Y i ). The model's estimated parameters were the result of maximum likelihood estimation through an Expectation-Maximization (EM) algorithm. 26 The 'mmlcr' function from the mmlcr library 27 in R software was used for this purpose. Based on Integrated Complete-data Likelihood criteria (ICL-BIC), 28 the number of groups was set at 2 (J¼2) . Note that the number of groups chosen minimizes ICL-BIC, which is equivalent to low entropy 29 with maximum likelihood.
Spatial distribution of biting rate profiles
To illustrate the spatial distribution of both An. coluzzii and An. gambiae biting rate profiles over a year, a map of the area villages was created. Classification of villages was based on the maximum of a posteriori probabilities (MAP) of each village to belong to a given latent class. It allowed us to: investigate whether there are geographic zones whose villages share similar biting rate profiles; and to develop and check hypotheses about correlations between biting rate profiles and specific environmental factors.
Linkage between vector species and biting rate profiles of study villages
Fluctuations of An. coluzzii and An. gambiae ratios among villages were summarized based on groups of biting rate profiles. A mixed logistic regression model, 30 allowing for random intercept at the 'village' level and 'biting rate profiles' as fixed effect, was produced to check correlations between An. coluzzii proportions and biting rate profiles. In addition, the same model that provided village classification with the entire dataset was undertaken with separate An. coluzzii and An. gambiae data subsets. Village classifications O. Boussari et al.
with these two models were respectively compared to model classification with the entire dataset.
Effects of environmental factors on the spatial distribution of biting rate profiles
As environmental factors are important in determining malaria vector biting rates, 1 we considered it worthwhile to check for significant linkage between them and the spatial distribution of biting rate profiles in the study area over a year. The village-linked factors considered were: mean annual rainfall (in mm) and number of rainy days: daily rainfall data from eight weather stations were interpolated spatially to compute cumulated rainfall and number of rainy days in each village during a 2-week period preceding each survey, to ascertain mean annual values; altitude (in meters); hydromorphous soil surface area (in km 2 ); distance to the nearest freshwater body (in km); and annual mean of the normalized difference vegetation index (NDVI): for each survey and each village, the average of 16-day NDVI (2-week period preceding survey plus 2-day survey) was extracted, to compute mean annual values. The NDVI was measured at a spatial resolution of 250 meters by the Moderate Resolution Imaging Spectroradiometer (MODIS) sensors.
Statistical calculations
Linkage between village classification per biting rate profile and each of the above-cited factors was assessed by non-parametric Wilcoxon-Mann-Whitney test.
Fisher's exact test ascertained linkage between village classification per biting rate profile and three factors linked to human activities: water conveyance (presence/absence); market gardening (presence/absence); and livestock breeding (yes/no).
The x 2 test with Monte Carlo method for p-value estimation studied the relationship between biting rate profile and four vector-control strategies in the area.
The relationship between biting rate profile classes and average annual number of positive peri-domestic larval sites was evaluated by non-parametric Wilcoxon-Mann-Whitney test. p,0.05 values were considered to be statistically significant.
Factors found to be significantly correlated with biting rate profiles were introduced into the 2-latent-class model as predictors of belonging to latent classes, making it possible to measure their effects on village classification per biting rate profile. This was preceded by correlation testing between these factors to avoid the introduction of factors carrying the same information in the model.
Results
Entomology data
Over 3584 individual captures, 1872 An. Coluzzii and An. gambiae were caught (Figure 1 ), corresponding to a mean rate of 0.522 bites per person per night. Among these vectors, about 82% were An. coluzzii, with an average rate of 0.429 bites per person per night, while the corresponding rate for An. gambiae was 0.093 bites per person per night. The biting rate of each species was variable between villages and between surveys within each village (Supplementary Table 1 ).
Seasonal changes in vector biting rate
In terms of An. coluzzii and An. gambiae biting rate, the latent class trajectory model revealed the existence of two village groups: Group A with 36% of villages, and Group B with 64% of villages. Figures 2A and 2B display the changes in vector biting rate in each village group over the study period.
The curves in Figure 2A correspond to Group A villages where vector activity seemed to be a bouncing or transient (seasonal) phenomenon whose maximum was reached in June, a period covering the onset of the rainy season. This activity included quiescent periods in most villages during much of the year. Figure 2B shows the biting rate profiles in Group B villages. In the majority of villages in this group, the biting rate appeared to be continuous over much of the year: vectors were present and renewed throughout the year, with a maximum reached in June.
Spatial heterogeneity of vector biting rate profiles in the study area Figure 3 depicts the distribution of both An. coluzzii and An. gambiae biting rate profiles in the 28 study villages. It reveals spatial heterogeneity of the vectors biting rate in the study area. Although most villages in the south seemed to be suitable for a continuous biting rate throughout the year, clustering was not clearly apparent.
Correlation between vector species and biting rate profiles of villages
Proportions at the village level (see Supplementary Table 1 ) of An. coluzzii in Group A (Group B respectively) ranged from 58 to 95% (from 33 to 100% respectively) with an average of 76% (85% respectively). Proportions of An. gambiae were obtained simply by 100 minus An. coluzzii proportions. 
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The mixed logistic regression model did not show a significant linkage between proportions of An. coluzzii and groups of biting rate profiles. Odds ratio (OR) (Group B versus Group A) was 1.40 (95% CI: 0.52, 3.72). Thus, correlation between vector species and the biting rate profiles of villages was not apparent.
Indeed, in terms of biting rate profiles, classifications were identical for villages with data combining the two vectors or An. coluzzii data alone (Supplementary Table 2 and Supplementary  Figure 1) . The biting rate profiles of three villages changed (two villages from 'transient' to 'continuous') when only An. gambiae data were analyzed (Supplementary Table 2 and Supplementary Figure 2) .
Correlation between biting rate profiles and environmental factors
The Wilcoxon-Mann-Whitney test detected no significant linkage between biting rate profiles and distance to the nearest freshwater body (p¼0.12) or between biting rate profiles and the mean annual number of rainy days (p¼0.58). Linkage between biting rate profiles and hydromorphous soil was not significant (p¼0.35), although the surface areas of hydromorphous soil seemed to be more extensive in villages with transient biting rate profiles.
Linkage between biting rate profiles and altitude and linkage between biting rate profile and the NDVI were of borderline significance (p¼0.06 in both cases). The vectors biting rate thus seemed to be continuous in low-altitude villages and transient in high-NDVI villages. Linkage between biting rate profile and mean annual rainfall was significant (p¼0.007). As expected, villages with continuous vector biting rates had high annual rainfall. The association between the biting rate profile and the average annual number of positive peri-domestic larval sites was also significant (p¼0.01). Thus, over the year, positive peri-domestic larval sites seemed to be more abundant in villages with continuous biting rate profile. Figure 4 depicts the distribution of mean annual rainfall, altitude, number of positive larval sites, and the NDVI according to biting rate profile. Fisher's exact test did not show significant linkage between biting rate profiles and either water conveyance, market gardening, or livestock breeding (p¼0.12, 0.21 and 0.63, respectively).
No significant linkage between biting rate profile and vectorcontrol strategies in the area was evident (x 2 ¼3.11, p¼0.56).
Prediction of membership in each latent class of biting rate profile
The average amount of annual rainfall and average number of positive domestic breeding sites were positively correlated (p¼0.008), as were altitude and vegetation index (p¼0.003). Hence, only average rainfall and altitude were introduced into the model as predictor of membership to a latent class of biting O. Boussari et al. rate profile. OR ('transient' class as reference) were 1.32 (95% CI: 0.96, 1.83) for each millimeter increase in rainfall and 1.58 (95% CI: 0.86, 2.90) for each 10-meter decrease in altitude. Despite these non-significant results, a millimeter increase in average annual rainfall would increase by 32% the OR of a village belonging to the 'continuous biting rate' class, whereas a 10-meter decrease in altitude would increase this OR by 58%.
Discussion
Knowledge of the spatio-temporal dynamics of malaria vector populations is an important element in malaria control and has been the subject of several studies. 4, 14, 31, 32 The present work focused on the An. coluzzii and An. gambiae biting rate profiles over a year. A 2-latent trajectory model was built. Villages could be classified into a group with 'transient' biting rate profile or another with 'continuous' biting rate profile.
Our results are close to those reported by Finkenstä dt et al. 33 in a study on the spatio-temporal dynamics of measles in the UK. These authors disclosed the co-existence of two epidemiological settings: endemic episodes without obvious regularity separated by periods of disease extinction in small towns, which represents the transient vector biting rate in some villages; and epidemic episodes with some regularity and without disease extinction between episodes in large towns, which represents the continuous vector biting rate in other villages. In their study on measles, persistence of the epidemic in large towns was due to high birth rates that regularly supplied a susceptible population. Here, note that rainfall ensures the persistence of peri-domestic larval sites in villages with continuous vector biting rates.
Though MAPs stemming from the latent trajectory model were very high (Supplementary Table 2 ), representation of biting rate profiles indicates that certain villages were misclassified. This could explain why the classification of three villages changed (two villages from 'transient' to 'continuous') when analyzing only An. gambiae data instead of data combining the two species, as no significant correlation was found between vector species and biting rate profiles. The results of the model on only An. gambiae data could also be influenced by the small number of An. gambiae captured in the villages.
A previous study of the same area (Ouidah-Kpomassè -Tori, South Benin) was able to classify 28 villages according to mean vector biting rate intensity, given various environmental factors. 16 The present work presents another classification based on changes in vector biting rate profile around the year. The first classification was found to be linked to water conveyance, market gardening, and livestock breeding. The present changes in biting rate profile were not found to be linked to the same factors. Because Transactions of the Royal Society of Tropical Medicine and Hygiene the changes in biting rate profile were not even over the area, one may infer that specific geological or geographical differences favour either continuous biting rates throughout the year or transient biting rates over a limited period. Among these differences, the present study pointed out only altitude and the NDVI. The lack of correlation between biting rate profile and the other factors considered in this work may be potentially explained by the small number (28) of villages.
A study of the same area by Cottrell et al. 14 demonstrated significant linkage between the NDVI and the spatio-temporal dynamics of Anopheles biting rates. Moiroux et al. 34 reported that the presence of both An. coluzzii and An. gambiae over the year was positively correlated with hydromorphous soil, whereas Cottrell et al.
14 obtained opposite results. The present work seems to be in agreement with the latter group; however, it did not find a significant linkage between hydromorphous soil and the vectors biting rate profile.
As expected, both An. coluzzii and An. gambiae biting rates fluctuate over the year 4 with rainfall: villages with high annual average rainfall were those showing a continuous biting rate profile. This result agrees with that of Moiroux et al. 34 who reported a positive correlation between the presence of malaria vectors and rainfall in the same area. The present work found that villages that had positive domestic breeding sites over the year were suitable for a continuous biting rate profile. This finding was reported in another way by Moiroux et al. 34 who noted a positive correlation between positive domestic breeding sites and the continuous presence of both An. coluzzii and An. gambiae over the year.
The present study undertook trajectory modeling to investigate the biting rate profiles of both An. coluzzii and An. gambiae. The same approach may be adopted to examine the spatiotemporal dynamics of other disease vectors. In the context of malaria, it allowed the classification of specific zones according to vector biting rate profiles. This and previous classifications according to mean biting rate intensity 16 are complementary indicators that may be targeted by healthcare organizations or epidemiological surveillance teams in regions where malaria is still a major public health problem. Conjointly, these indicators allow the mobilization of area-and season-specific malaria control measures.
Supplementary data
Supplementary data are available at Transactions Online (http://trstmh.oxfordjournals.org/).
Authors' contributions: RE, VC, NF and OB conceived and designed the study; AD and NM collected the data; OB, FS and RE analyzed and interpreted the data; OB, JI, FS and RE drafted the manuscript. OB, JI, FS, AD, NM, AG, JFE and RE critically revised the manuscript for intellectual content. All authors read and approved the final manuscript. OB and RE are guarantors of the paper.
